The purpose of this study was to test the hypothesis that patella alta leads to a less favourable situation in terms of patellofemoral contact force, contact area and contact pressure than the normal patellar position, and thereby gives rise to anterior knee pain.
The purpose of this study was to test the hypothesis that patella alta leads to a less favourable situation in terms of patellofemoral contact force, contact area and contact pressure than the normal patellar position, and thereby gives rise to anterior knee pain.
A dynamic knee simulator system based on the Oxford rig and allowing six degrees of freedom was adapted in order to simulate and record the dynamic loads during a knee squat from 30° to 120° flexion under physiological conditions. Five different configurations were studied, with variable predetermined patellar heights.
The patellofemoral contact force increased with increasing knee flexion until contact occurred between the quadriceps tendon and the femoral trochlea, inducing load sharing. Patella alta caused a delay of this contact until deeper flexion. As a consequence, the maximal patellofemoral contact force and contact pressure increased significantly with increasing patellar height (p < 0.01). Patella alta was associated with the highest maximal patellofemoral contact force and contact pressure. When averaged across all flexion angles, a normal patellar position was associated with the lowest contact pressures.
Our results indicate that there is a biomechanical reason for anterior knee pain in patients with patella alta.
Anterior knee pain may be present in as many as 30% of physically active individuals. 1, 2 Several factors have been associated with anterior knee pain, including patella alta, [3] [4] [5] but the precise mechanism by which this leads to anterior knee pain remains poorly understood.
From a biomechanical point of view, the patellofemoral joint acts as a lever which transmits the force of the quadriceps muscle to the lower leg. [6] [7] [8] The patella increases the moment arm of the quadriceps, especially in late extension, facilitating full extension. 9 The patellofemoral mechanism is a type of lever which sacrifices force for displacement. The lever arm is relatively short, as the fulcrum is located further away from the load. The load can therefore be displaced over a much greater distance, but the force that needs to be generated is also greater. In the patellofemoral lever system the patella acts as the fulcrum. It has a number of specific characteristics that from a biomechanical point of view make it extremely well suited for its function. In the normal knee, the maximal patellofemoral contact pressure is reached at about 90° of flexion. The patellofemoral contact area gradually increases with flexion and reaches a maximum at 90° of flexion, thereby reducing the contact stress in deeper flexion. As the knee flexes, the patellar contact point gradually shifts proximally to an area where the cartilage is thicker. Hence, the patellofemoral joint shows maximal contact area and maximal cartilage thickness in the range of movement where the compressive loads are highest. The delicate balance between the maximal contact area, the maximal thickness of the articulating cartilage and the maximal compressive load can easily be disturbed.
Although some studies [10] [11] [12] [13] have suggested that persons with patella alta may have altered mechanics of knee extension which predispose them to higher joint reaction forces, the literature does not provide a consensus on the precise effect of patella alta on patellofemoral force, contact area and contact pressure.
The recent availability of validated dynamic knee simulators and advances in the analysis of contact force and contact area have now made such studies possible. We have used a third-generation dynamic Oxford knee simulator under physiological loading conditions during a deep knee squat to study the influence of patellar height on patellofemoral contact force, contact area and contact pressure.
Materials and Methods
A dynamic knee simulator system based on the Oxford rig was adapted for this study (Fig. 1) . It consisted of an upper and lower leg mounted on a frame with a hip and ankle assembly. Two actuators controlled the movement, one moving the hip (vertical sliding) and one pulling the quadriceps. The quadriceps actuator was positioned on the upper leg in a way that reproduced its anatomical location with respect to the moment arms around the knee. Sensors placed in line with the actuators were used to record the patellar tendon force, the ankle forces and moments, and the hip height relative to the ankle.
The knee simulator was designed with 6° of freedom of movement: 2° of freedom for movement in the hip joint (flexion/extension and rotation around the transverse axis) and 4° of freedom for movement in the ankle joint (medial/ lateral translation, flexion/extension, internal/external rotation and abduction/adduction). In this way, the knee was allowed full spatial freedom in order to reproduce its normal kinematics. 14 An electromechanical system was designed to simulate and record the dynamic loads during a knee squat between 30° and 120° of flexion under physiological loading conditions, as described below. A real-time data acquisition and closed feedback system (Labview, National Instruments, Austin, Texas) was used to perform a squat with a certain hip velocity, given as a function of time, while simultaneously applying a quadriceps force on the knee to induce a vertical ankle force. Error feedback from the six-axis ankle load cell was used to control the quadriceps actuator.
Custom-made rigid fixtures simulated the tibia and femur, and were covered with the components of a posteriorly stabilised total knee replacement (TKR). A size 5 femoral component was used with a size 4 baseplate, a size 3 to 4, 9 mm thick insert and a 32 mm resurfacing patellar component (Genesis II, Smith & Nephew, Memphis, Tennessee). These intermediate size combinations of implants are currently marketed and used clinically. A 6.4 mm diameter stainless steel cable (Sanlo, Michigan City, Indiana) simulated the patellar and quadriceps tendons. A K-Scan 4000/9000 psi sensor (Tekscan,South Boston, Massachusetts) was calibrated according to the manufacturer's instructions. One foot of the sensor was fixed to cover the entire articular surface of the patella using custom wire and adhesive fixtures that did not interfere with the patellofemoral interface. The other foot of the sensor was left unattached. A commercial lubricant was applied at the patellofemoral interface between the sensor and the femoral component to reduce shear forces.
The patellar component was attached to a metal fixture which could be moved along the steel cable that represented the patellar tendon and fixed at different positions, thereby simulating different patellar heights. The Blackburne-Peel index was used to define patellar height. [15] [16] [17] Five different heights were tested: Blackburne-Peel indices of 0.59 (the lowest), 0.73, 0.84 (normal), and 1.0 and 1.29 (patella alta). Lateral photographs were taken in a standardised way at the beginning and end of each experiment, with the knee loaded in 30° of flexion. The Blackburne-Peel index was then measured on these images (Fig. 2) .
The load and movement input curves used for this experiment simulated a single squat from 30° to 120° of flexion at a constant hip velocity over a 10-second interval and with a constant target ankle load. The results of a squat from 120°t o 30° of extension were similar, but are not discussed here.
For all positions of the patella, each squat was repeated twice at 55, 66 and 77 lb target ankle load. In total 30 squats were performed. The quadriceps load, ankle loads and moments, hip position, patellofemoral contact force, contact area and contact pressure were all continuously recorded in a real-time feedback loop. Statistical analysis. Spearman's correlation coefficient was used to assess the association between the maximal patellofemoral contact force, the contact area and pressure and the patellar height. Statistical analysis used SPSS statistical software (version 16.0; SPSS Inc., Chicago, Illinois) with a significance level of p < 0.01.
Results
For all positions of the patella, the patellofemoral contact force increased with increasing knee flexion. It reached a maximum followed by a decrease (Fig. 3) , which coincided with the occurrence of contact between the quadriceps tendon and the femoral trochlea.
In initial flexion (35° to 70°) lower positions of the patella were associated with higher contact forces. Higher positions were associated with a reduction of the patellofemoral contact forces in this range of flexion. At 60°, for example, there was 780 N (41%) less contact force in the highest position of the patella than in the lowest. Patellar alta was associated with the lowest minimal contact force and the lowest patellar position with the highest minimal contact force. The difference between these was as high as 44% (274 N) (Table I) .
In deeper flexion (70° to 120°) patella alta was associated with higher contact forces than with the normal patellar height. Lower positions of the patella were associated with lower contact forces in deeper flexion. There was a direct relationship between the maximal contact force and patellar height. The higher the position of the patella, the greater the maximal contact force. Patella alta caused the greatest maximal contact force ( Table I) . The difference in maximal contact force between the highest and the lowest positions of the patella was 3040 N. The flexion angle at which the maximal contact force occurred also increased with increasing patellar height. Patellar tendon forces measured during the experiment increased with knee flexion until a maximum was reached at 120° of flexion. No significant differences in patellar tendon force were observed between the different patellar heights.
Total patellofemoral contact area gradually increased with flexion until a maximum was reached, and thereafter decreased (Fig. 4) . For the normal patellar height, the contact area reached a maximum at 90° of flexion (Table II) . The maximal total contact area was higher and occurred at deeper angles of flexion for patella alta than for lower positions of the patella (p < 0.01) (Table  II) . Patella alta was associated with the highest maximal patellofemoral contact area. The difference between the highest and the lowest maximal contact area was 77 mm 2 . Maximal contact occurred at the transition of patellar support by the trochlea to the femoral condyles.
The Tekscan frames demonstrated a different location of the patellofemoral contact for different heights of the patella in initial flexion (35° to 70°). The lowest position was associated with the most proximal point of patellofemoral contact. A gradual distal shift of the contact point on the patella was observed with increasing patellar height. Patella alta was associated with the most distal contact point in initial flexion. The recordings of the Tekscan frames at Blackburne-Peel index 0.84 are presented in Figure 5 .
The average patellofemoral contact pressures recorded during flexion for the different positions of the patella are presented in Figure 6 . Between 30° and 45° of flexion, contact pressures were lowest for the higher positions. Lower positions were associated with higher contact pressures in this range of flexion. In deeper flexion (60° to 105°) contact pressures were highest for the higher positions (p < 0.01). Patella alta was associated with the highest maximal patellofemoral contact pressure. When averaged across all flexion angles, the normal positions of the patella resulted in the lowest contact pressure.
Discussion
We have examined the effect of the height of the patella on patellofemoral contact force, contact area and contact pressure. As flexion increases beyond 60°, the patellofemoral contact force in a high position of the patella increases further and exceeds the contact force that is recorded with a (Fig. 3) . A high position is also associated with a greater maximal contact force. These observations are explained by the tendofemoral contact that occurs beyond a certain degree of flexion. This contact leads to load sharing by the quadriceps tendon and a reduction in contact force on the patellofemoral joint during deeper flexion (Table III) . Because a higher position causes the tendofemoral contact to occur at a higher angle of flexion, the patellofemoral contact force is allowed to increase further to a higher maximum. For lower positions the opposite is true. In deeper flexion, patella alta can be considered as a biomechanical disadvantage compared to normal patellar height. Huberti and Hayes 18 have described the effect of tendofemoral contact. According to them, at 120° of flexion this contact would support up to half of the total patellofemoral contact force. In patella infera Meyer et al 19 observed load sharing by the tendofemoral contact of up to 80% of the contact force.
Our data are consistent with those of Singerman, Davy and Goldberg, 20 who suggested that the patellofemoral contact force depended on patellar height. However, they observed no reduction in contact force after tendofemoral contact had occurred.
We have also demonstrated that in initial flexion the contact forces on patella alta were smaller than in lower positions of the patella. When the knee is flexed less than 60°, patella alta reduces the contact force, and there is a direct correlation between this reduction and the patellar height.
The biomechanical function of the patella in the extensor mechanism explains these differences in initial flexion. The patella contributes significantly to the torque in knee extension by increasing the lever arm of the quadriceps. The patella also transmits the forces from the quadriceps tendon to the patellar tendon. For this, it is free to pivot around its contact point with the femoral trochlea in the sagittal plane, acting as a balancing beam. Because the contact point with the femur lies distally on the patella in initial flexion, the effective moment arm of the quadriceps tendon is greater than that of the patellar tendon. 10, 21, 22 So, in initial flexion, a smaller quadriceps force is needed to generate a certain patellar tendon force. 23 As patella alta causes a more distal contact point in initial flexion, it reinforces this effect and creates a more efficient knee extensor mechanism.
The patellofemoral contact force is the sum of the patellar tendon force and the quadriceps tendon force. In our experiment, the patellar tendon force was measured and no significant differences were observed at the different heights of the patella. The reduction in patellofemoral contact force in patella alta is therefore explained by a reduced quadriceps tendon force due to the more efficient extensor mechanism of the knee.
With respect to this, our data are consistent with the previous findings of Ward et al, 13 who were able to demonstrate in an MRI study that individuals with patella alta had a significantly larger quadriceps effective moment arm between 0° and 60° of knee flexion. Based on these findings, they suggested that patients with patella alta may experience less patellofemoral contact force to overcome the same knee flexion moment in the range of 0° to 60°. Our study confirms this hypothesis by direct in vitro measurement of the patellofemoral contact force during a deep knee squat.
The study has a number of limitations. It was undertaken using an artificial implant which allowed adjustment of the height of the patella easily without destroying the knee. Since the knee simulator was designed with 6° of freedom of movement, the knee was allowed its full spatial freedom so that its kinematics could be closely reproduced.
14 The study was conducted on a morphologically normal knee but patella alta is a component of complex patellofemoral dysplasia in which other factors, such as malalignment and lateral tilt, may influence contact stresses. A recent MRI study showed that patella alta was associated with more lateral displacement and lateral tilt at 0° of flexion, and with a smaller contact area between 0° and 60° of flexion. 24 However, no correlation could be found between malalignment and the reduced contact areas. The authors concluded that these observations warrant careful reconsideration of the previously-accepted cause-and-effect relationship between patellofemoral malalignment and reduced patellofemoral contact area. A limitation of our study was that we were unable to take into account the three dimensional behaviour of cartilage at contact and the co-activation of surrounding muscles which occurs during knee flexion and are known to play an important role in patellofemoral kinematics. Nevertheless, we believe our study indicates that, from a biomechanical point of view, patella alta is a less favourable situation in terms of contact force and contact pressure.
With regard to the patellofemoral contact area, we found that for a normal patellar height, the contact area reached a maximum around 90° of flexion and decreased thereafter (Table II) . This corresponded with the transition from one central contact area to two separate smaller areas as the patella progressed from the femoral trochlea onto the two condyles at the intercondylar notch (Fig. 5) .
A higher position of the patella corresponded with a lower contact area in initial flexion, whereas a lower position was associated with a higher contact area for the low angles of flexion. These findings are consistent with previous observations. 24, 25 Ward et al, 24 in a recent MRI study, concluded that a vertical position of the patella was negatively associated with the contact area between 0° and 60°o f knee flexion. Our study also demonstrated that the maximum patellofemoral contact area gradually increased with increasing patellar height. This can be explained by the greater forces observed in deep flexion for these higher positions. A higher patellofemoral contact force causes more deformation of the articulating surface, resulting in an increased contact area. These data are consistent with previous in vivo MRI studies showing a greater contact area in weightbearing than in non-weight-bearing for a given angle of flexion, indicating that contact area increases with increasing load. 26, 27 In initial flexion, contact pressures were the lowest for the higher positions of the patella, whereas lower positions resulted in a higher contact pressure (Fig. 6) . In deeper flexion, however, the contact pressure on the higher patellae was the greatest. The maximal patellofemoral contact pressure increased with increasing patellar height. When averaged across all flexion angles, the normal height of the patella demonstrated the lowest contact pressure and can therefore be considered to be the most favourable.
Patella alta demonstrated the highest maximal patellofemoral contact force and the highest contact pressure when averaged over the whole range of movement. We believe that this is a consequence of the delay in tendofemoral contact and that this may provide a biomechanical explanation for anterior knee pain in patients with patella alta.
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